Sustainable development could have a significant impact on conventional construction, reducing or replacing steel and concrete as primary materials in structures. Bamboo, a natural resource, has been used as a general building material for decades in some regions of the world. Countries in Asia and South America have found many uses for bamboo because it grows rapidly and has excellent mechanical properties. The purpose of this paper is to test the designs of different configurations of bolted connections in order to create a composite bamboo I-shaped beam for further applications. Three different configurations of connections for a bamboo composite I-shaped beam were analyzed, with the purpose of identifying an optimal configuration that results in a stiffer, safer beam. A three-dimensional Finite Element Model (FEM) computational model was developed to identify areas of high stress concentration and maximum deflection for the various connection configurations. The findings of this paper are a first step in the process of considering and validating composite bamboo I-shaped beams as a primary construction material in structures such as bridges and buildings.
Introduction
In recent years, sustainability has become a key for progression and development, by identifying solutions that have a positive impact on the environment while meeting the basic needs of people. Conventional steel and concrete are primary building materials due to their extraordinary properties, including strength, availability, and cost. However, their production requires high consumption of energy and natural resources, and can cause high environmental contamination. For this reason, a wide field of sustainable research has attempted to identify different alternatives for construction materials [1] . Sustainable development introduces the concept of "green building," which classifies innovative and efficient structures based on energy consumption. Recycled materials used as aggregates for concrete, fly ash used as cement, and wood structures fall within the scope of sustainable development [2] . In addition, sustainable development could significantly impact on conventional construction, reducing or replacing steel and concrete as primary materials in structures [3] .
Bamboo, a natural and renewable resource, has been used for decades in some countries as a general construction material. Countries in Asia and South America have made wide use of bamboo for the construction of rural houses, and bridges because it grows rapidly and is naturally available. Some studies [4, 5, 6] showed that bamboo has excellent mechanical properties. However, more research and validated data are needed for bamboo to be considered a primary construction material worldwide [7] .
Bamboo is appealing to industry; it can be easily processed with low energy consumption and low environmental impact [1] . Different industries in China have developed laminated bamboo or "Glubam" (Glued Bamboo), which is a starting point for the study of bamboo as a primary building material. Laminated bamboo consists of gluing bamboo strips in the longitudinal and transverse directions to form rectangular sections that are more suitable for use in traditional structural applications [8] , as shown in Fig. 1 . Several studies [9, 10] evaluated the mechanical properties of laminated bamboo. The studies showed that laminated bamboo has greater mechanical properties than raw bamboo and is very competitive with other laminated woods such as laminated veneer lumber (LVL), parallel strand lumber (PSL), and plywood, demonstrating that laminated bamboo could be a primary building material [11] . In a notable study, Xiao, Zhou, and Shan [3] designed and constructed a single lane roadway bridge using laminated bamboo. In 2013, Wu [7] analyzed the bending capacity of a bamboo composite I-shaped beam. The results showed that the bamboo composite I-shaped beam had excellent bending capacity and excellent ductility [7, 12] . However, the study also showed a tearing failure near the bolted connections.
As the demand for laminated bamboo increases on small and large scale structures, their structural connections will become a major concern. The connections play a critical role in design because they provide stability and in some cases transmit forces or moment in the bamboo structure. Understanding the behavior of connections in bamboo structures will be necessary for bamboo to become an alternative to other primary building materials [11] .
The purpose of this paper is to find the most optimal connection configurations to create a composite bamboo Ishaped beam. The beam could then be used for further applications as a structural element. A three-dimensional FEM computational model was developed to analyze the three connection configurations. The composite bamboo I-shaped beam was formed from three laminated bamboo sections, connected through a mechanical connection made of steel angles and bolts. The connection configurations were analyzed under flexural behavior. A four point concentrated loading method was used.
Production of Glued Laminated Guadua Bamboo (GLGB)
The production of the glued laminated Guadua Bamboo begins with the harvesting of 4 to 5 year old Guadua angustifolia Kunth (See Fig. 2 (a) ). The bamboo culms are 5 to 25 cm in diameter, 18 to 20 m high, with a 0.8 to 2.0 cm thick wall. The diameter and thickness are inversely proportional to the height, while the density and fiber concentration are directly proportional to the height [14] . The culms are chopped into straight pieces, or strips, and manufactured (See Fig. 2 (b), (c) ).
First, the strips are polished and cut to a consistent length of 2.5 m. Then, the bamboo strips are heated to temperature of 150°C under 0.4 MPa pressure in an autoclave to sterilize the material. The bamboo strips then are removed from the autoclave and dried in an oven until they reach an internal moisture content of 14%. Once the bamboo strips are dried, they are polished again to ensure uniformity (See Fig. 2 (d) ). At this point, the bamboo strips are sewn together with a thread that prevents the strips from moving, creating a sheet of bamboo strips (See Fig. 2 (e)). Finally, the strip sheet is trimmed. The result is called Guadua laminae. The Guadua laminae is then coated with an adhesive resin along the narrow faces and stacked to form Guadua laminae sheets. Once the adhesive has cured, the Guadua laminae sheets are glued together at the wide faces to form boards, or glued laminated Guadua Bamboo (GLGB) (See Fig. 2 . (f)). 
Composite Bamboo
Bamboo has the potential to be a primary construction material, given comprehensive research and validation testing. In an effort to increase bamboo's mechanical properties and to take advantage of its sustainable nature, a wide field of research has developed on bamboo-steel composite members. Composite bamboo-steel is a structural system that combines thin walls of steel with manufactured bamboo through bolted connections, nails, adhesives, or combination of all three. To utilize the mechanical properties of steel and to enhance the mechanical properties of the bamboo, the steel is engaged within the loading procedure; therefore, both materials can work together. This new structural system creates different cross sections and optimizes the amount of material used. A common example of composite bamboo is the I-shaped beam; however, sections such as hollow shapes and channels can also be obtained by using bamboo-steel [15] . Composite bamboo-steel can form floors, walls, beams, and columns. A key issue for bamboo-steel composite structures is the selection of an appropriate connection to ensure that bamboo and steel complement each other.
Computational Simulation
This paper proposed three different configurations of the bolted connection for a composite I-shaped beam. A three-dimensional model for FEM computational simulations of various bolt configurations was developed using the ANSYS simulation software. The computational model was created to determine which bolt configuration could be recommended for further applications.
Materials
The top and bottom flanges and the web of the I-shaped beam were laminated bamboo plates of Guadua angustifolia. The plates for both flanges were 2,440 mm long, 200 mm wide, and 15 mm thick. The plate for the web was 2,440 mm long, 270 mm wide, and 15 mm thick. The laminated bamboo had two principal material directions: parallel to the grain and perpendicular to the grain. Due to these alignments, bamboo is classified as an anisotropic material. Tensile strength parallel to the grain was 90 MPa and compressive strength parallel to the grain was 77 MPa [16] .
The connecting angle was A36 grade steel, with a tensile strength of 250 MPa. The dimensions for the connecting angle varied with the bolt configuration. The steel grade for the connecting bolts was 5.8, with a nominal yield strength of 380 MPa and a tensile strength of 520 MPa. The nominal diameter of the connecting bolt was 10 mm.
Test Beam Design
Three beams were examined with three different bolt configurations. The composite I-shaped beams were tested as simply supported beams. The beams were 2.44 m long, 0.2 m wide, and 0.3 m deep. The I-shaped beam components were connected with steel angles and mechanical bolts; the location of the bolts varied as follows: 
Test Conditions
A four point concentrated loading method was used for each test beam. The concentrated load was 30 kN. The beam was simply supported. To evaluate the three different bolt configurations, areas of high stress concentration and total beam deformations were identified and compared.
FEM Model
A three dimensional model was built using SOLIDWORKS computer simulation software for each component of the I-shaped beam. The geometry from the 3D model built in SOLIDWORKS was imported into ANSYS Workbench 14.5. The material properties for the GLGB were defined as orthotropic behaviors based on experimental results with transversal isotropic in the radial-tangential plane [11] . In addition, the stress-strain relationship was assumed to follow bilinear behavior. [11] . The shear modulus of elasticity was determined based on the following model developed by Saliklis and Falk [17] :
Where E, G, and ν are the moduli of elasticity, shear elasticity, and Poisson, respectively. The sub-indices, L, R, and T indicate the longitudinal (parallel to the grain), radial, and tangential (perpendicular to the grain) directions, respectively. The complete mechanical properties of GLGB are listed in Table 1 . Tetrahedron elements, which are well suited for meshing irregular geometries, were used for meshing. In the areas where the connections were located, a refined method was applied to provide more comprehensive contact information. Two types of contacts were defined: frictional and bonded. The frictional contact shows more realistic behavior between the surfaces in contact. For example, frictional contact was identified between the flange and web, and the flange and bolt. On the other hand, for simplification purposes, the contact between the bolt and the nut was assumed to be bonded. The boundary conditions corresponded to a uniform load applied along the two plates located at the top flange one-third from each edge, and the displacement was fixed in two directions, y and z, for the edges located at the lower surface of the bottom flange (see Fig. 3 ). 
Simulation
The main objective of the simulation was to find the most effective bolt configuration for an I-shaped bamboo beam. Three modes of analysis of the three bolt configurations were compared to achieve the main objective. First the maximum deflection of the beam was determined (Fig. 4 (a) ), then the stress concentrations in the beam were identified (Fig. 4 (b) ), and the third analysis was based on the frictional contact regions present between the steel angle, the bolts, and the bamboo (Fig. 4 (c) ). One assumption for this model was that the embedding behavior was elastic-plastic. Thus the computational model did not consider the possibility of progressive degradation of the material as a result of high stress concentrations. This simulation was the first step; further experimental results could calibrate the computational model. For illustration purposes, Fig. 4 shows the three analysis modes for Beam 2. The results are tabulated and discussed for all three beams in the following section. 
Results and Discussion
Fig. 5 compares load versus deflection between three different bolt configurations. Comparing the three deflections, Beam 3 deflected considerably less than the other two beams due to its increased number of bolts and the presence of the steel angle along the entire span of the beam. This was somewhat expected, as increasing the number of bolted connections and adding more steel would result in a stiffer beam that is more capable of withstanding deflection under load. A comparison of Beams 1 and 2 did not show significant differences in f the maximum deflection at midspan. However, during the simulation, Beam 2 presented a gap between the web and both flanges, whereas Beam 1 presented a gap only between the web and top flange. This was due to the increase in bolted connections from Beam 1 to Beam 2. By increasing the number of bolts, the beam would have more resistance to deformation, allowing the separation of bodies under tension and compression forces. Table 2 tabulates the maximum stress concentrations for each beam under loading. For all beams, maximum stresses were found to be located on the bolts and near the connections. It was evident that the connections were a critical part of the structure. Bolted connections can lead to material tearing failure. Beam 1 had the highest stress concentration due to the limited number of bolted connections. In contrast, Beam 3 had the lowest stress concentrations and additional bending capacity. This indicated that increasing the number of bolts and providing a steel angle continuously along the entire span of the beam would be an effective way to produce a stiffer and stronger beam. It was clear that studying bolted connections aided in achieving a better combination of mechanical connections, optimizing their quantity and distribution throughout the structure. However, more research, beyond the scope of this paper, is required to establish a clear relationship between the steel angle and the bamboo. Table 2 also shows the results for the contact analyses, which are based on sliding distance, frictional stress, and penetration distance. Sliding distance is the distance that one body slides relative to another body. In this study, the three beams showed maximum relative movement near the bottom end of the beam. The maximum sliding distance was related to the deformation of the material in tension, resulting in elongation. This deformation was very evident in Beam 1 where the steel angle at the ends was twisted, resulting in the largest sliding distance, as shown in Table 2 . Beam 3 showed, once again, an improvement in the overall structural stiffness. The increased number of bolted connections made the bodies more resistant to relative movement.
In terms of frictional stress, it became evident that increasing the number of bolted connections improved the overall beam behavior. The frictional stresses in Beam 3 were distributed among the bolts, reducing the frictional stress at the ends of the beam, which was optimal. In contrast, Beam 1 had significantly higher concentrations of stress, because of the decrease in bolted connections. These higher concentrations of stress increased the possibility of failure. Finally, in terms of penetration distance, Beam 3 showed the highest penetration distance. This is attributed to the fact that the bolted connection was stiffer, transmitting the load directly along each element and increasing the contact region between them. Given the contact analyses herein, it was evident that Beam 3 had the most effective connection configurations for the I-shaped composite bamboo beam, resulting in a more uniform distribution of stresses and increased rigidity.
Conclusion
A composite I-shaped bamboo beam has the potential to be a structural element in bridges or buildings. Optimizing the amount of consumed resources during construction provides a breakthrough in sustainability. The bolted flangeweb connection (consisting of bolts and steel angles) of the I-shaped bamboo beam plays an important role in load bearing. The computational models developed herein showed that changing the configuration of the bolted connection led to a beam with increased rigidity and capacity. In this study, three beams with different configurations of connections were tested under a four point concentrated load. Beam 1 was bolted at each support and at midspan, Beam 2 was bolted at each support and at quarter points along the span of the beam, and Beam 3 was bolted at each support and at every 30.5 cm across the full span of the beam. Steel angles were used at each bolted connection for Beams 1 and 2, while for Beam 3 the steel angle was continuous across the entire span of the beam.
Beam 3 was found to have the most optimal configuration of bolts given the analysis modes presented herein. Beam 1 had the highest deflection and the highest maximum stress concentration. Beam 2 showed an improvement over Beam 1, resulting in slightly less deflection and slightly lower maximum stress. The bolt configuration of Beam 3 resulted in a reduction in deflection of up to 48% compared to Beams 1 and 2. In addition, the maximum stress concentration was reduced by 72% by adopting the bolt configuration of Beam 3. Finally, the contacts between the bodies were significantly improved in Beam 3. Given the modes of analysis, Beam 3 was identified as the most effective and optimal configuration, resulting in the stiffest I-shaped composite bamboo beam. The test results showed that improving the rigidity of the beam was key to the design of beams of this type. This paper presented a starting point for physical tests and evaluations where more information such as strength properties, failure mode, and bending capacity of bamboo composite I-shaped beams can be considered and obtained. Experiments on test beams should be performed to validate the results presented herein. This will lead to better comprehension of the mechanical performance of bamboo-steel composite structural elements. Furthermore, it is recommended that more configurations of bolted connections be considered and evaluated.
